Introduction
Among the many types of engineered nanomaterials zero-valent iron nanoparticles (nZVI) demonstrated a great potential in different fields of application. High reactivity and large surface area of environment-friendly and cost-effective nZVI particles are mostly exploited in removal of heavy metals and organic pollutants from water and soil systems [1] [2] [3] . Due to core-shell structure of nZVI particles, the removal of pollutants occurs through mechanisms of adsorption, reduction and complexation [4] [5] [6] . However, the strong agglomeration potential and rapid sedimentation complicate handling and applicability of nZVI particles in remediation purposes [7, 8] . For this reason, a various methods of surface modification of nZVI have been studied. By chemical functionalization of surface, the enhancements of colloidal stability and better control of their reactivity are often achieved [9] [10] [11] . The strategies of nZVI surface alteration are generally focused on selection of suitable carriers such as surfactants, polymers or inorganic materials; and/or to the selection of suitable capping agents for coating of the particle surface [12] .
Metal-binding organic ligands such as 2,6-pyridinedicarboxylic acid or dipicolinic acid (PDCA) are widely used as capping or extractive reagents for transition and rare earth metals. Dipicolinic acid and its derivatives are often used as on-line complexing reagents in ion chromatography for transition metals speciation [13] [14] [15] [16] . Furthermore, dipicolinic acid and its derivatives are being featured as ligands in coordination complexes for pharmaceutical use [17] and bioimaging applications. The most recent approaches utilize the novel hybrid materials supported with PDCA in separation of elements of lanthanides and actinides series [19] [20] [21] . Mahmoud and coauthors reported the excellent efficiency of novel nanocomposite material, which combines the magnetic characters of nZVI and selectivity of incorporated organic ligand in removal of bivalent transition metals and selected radionuclides from water [20] . The functionalization of nZVI surface with PDCA was the object of our previous study where we observed the changes of nZVI particle shape [22] . The elongation of particles in ellipsoidal forms of reduced size occurred by variation of molar ratio of iron and PDCA during the synthesis. It was also demonstrated that changes of particle size and shape affect the metal ions removal from water solutions.
In the present work, the focus of our investigation is comparison of nZVI and functionalized PDCA-nZVI material characteristics. The functionalized materials were prepared through one-pot synthesis procedure. Molar ratio of iron and PDCA reagents was adjusted to 1:1 and 2:1. The main goal of described experiments is to set up the efficient and low-cost method for functionalization of nZVI particles with dipicolinic acid.
The characterization of obtained materials was performed by dynamic light scattering (DLS), infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and scanning electron microscopy (SEM). Another objective of this work is to test a practical applicability of synthesized nanomaterials. For this reason, the efficiency of metal ion removal from water solutions was tested on cadmium ions by using inductively coupled plasma optical emission spectrometry (ICP-OES). In order to estimate the removal efficiency of material obtained through one-pot synthesis, the comparison was performed by use of PDCA-nZVI material obtained by incubation. The same molar ratio of reagent was used in separate experiments of incubation of ligand onto nZVI surface. The cadmium removal efficiency of the synthetized types of PDCA-nZVI nanomaterial was compared to cadmium removal of bare nZVI particles and the observed effects are discussed in this work.
Materials and Methods

Synthesis of nZVI particles
Synthesis of bare nZVI particles was performed by sodium borohydride (NaBH4) reduction using a low-cost methodology. The preparation was performed in an open vessel at regular atmospheric conditions, as was reported earlier [22] . The starting solution was prepared by dissolution of 1 g of FeCl3×6H2O in 100 mL of deionized distilled water in a 400 mL beaker. An amount of 0.70 g of NaBH4 was dissolved in 100 mL of water. The pH of reaction solution was adjusted to neutral. Freshly prepared solution of NaBH4 was added in droplets into the iron chloride solution under vigorous stirring. The black precipitate appeared immediately after the first addition of NaBH4.
After 20 min of stirring, the magnetic precipitate was separated using an external magnet and washed with deionized distilled water. Prepared bare nZVI particles were stored in containers under ethanol to prevent further oxidation.
One-pot synthesis of PDCA-nZVI particles
Solution of dipicolinic acid (2,6-pyridinedicarboxylic acid; PDCA) was prepared by dissolution of 0.7112 g of pure compound in 150 mL of deionized distilled water. Due to the poor solubility of PDCA, the solution was prepared by use of ultrasonic bath.
Solution was placed into beaker containing dissolved iron chloride and the pH of solution was adjusted to neutral by addition of several drops of sodium hydroxide solution. The reduction process was performed by addition of NaBH4 solution during stirring. The black precipitate of magnetic nanoparticles formed instantaneously after addition of the reducing reagent. The PDCA-nZVI particles were filtered, re-flushed with water and stored under ethanol. The experiment was performed using the molar ratio PDCA/Fe = 1/1 and the ratio PDCA/Fe = 1/2. The last one was prepared by use 6 of 0.3556 g PDCA dissolved in 150 mL of water. Black coloured magnetic particles were formed with both of applied concentrations. 
Characterization of synthetized nanoparticles
Adsorption experiments
Cadmium solutions in the concentration range of 0.1 -50 mg L -1 were prepared from the standard stock solution of spectral purity (Plasma Pure, Leeman Labs, Hudson, NH, USA). An amount of 10 mg of synthetized nanoparticles was placed into glass vials where the volume of 10 mL of cadmium solutions was added. Glass vials were covered with a glass lid and were sonicated for 30 min in an ultrasonic bath. Removal of supernatant was performed after centrifugation and by use of external magnet. Metal concentrations were measured directly from filtered solutions by the ICP-OES method.
Nanoparticles that remained in vials were dissolved by addition of 1 mL of concentrated nitric acid and 0.1 mL of concentrated hydrochloric acid. The obtained solutions were diluted to 25 mL with distilled deionized water. Concentration of cadmium in these solutions denotes adsorption on nZVI particles and it was determined by the ICP-OES method.
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In order to compare the removal efficiency of one-pot synthetized PDCA-nZVI material, another set of particles was prepared by incubation of PDCA in suspension of nZVI.
For this purpose, bare nZVI particles were synthesized according to the procedure 
Results and Discussion
Characterization of PDCA-nZVI particles from one-pot synthesis
Functionalized PDCA-nZVI materials, which were prepared by one-pot synthesis in molar ratio 1:1 and 1:2 were examined by FTIR spectroscopy. The resulting spectra are showed in Figure 2 Diffraction patterns of bare and functionalized particles obtained by XRD are showed in Figure 3 . Characteristic maximum at 2θ = 45° in the pattern of freshly-prepared and dried nZVI particles represents the zero-valent iron (α-Fe). Ethanolic suspension of iron particles showed the same diffraction pattern. There are no additional maxima which could imply oxidation process on the particle surface. The corrosion of particles in ethanolic solution is significantly reduced comparing to air-dried particles. Beside the use of ethanol, iso-propanol is also described as a protective layer for nZVI particles [25] . The stability of stored particles is recently studied by Ahmed and authors who showed that extended storage with no corrosion on nZVI particles was achieved using polyvinyl pyrrolidone [4] . We observed the same and unchanged XRD pattern of ethanolic suspension after one month from preparation. In the diffraction pattern of PDCA functionalized particles we observed the remaining peak of α-Fe. By changing of molar ratio of PDCA and iron, there were no visible differences in XRD spectra of obtained materials. The appearance of magnetite (Fe3O4) and feroxyhyte (δ-FeOOH) was confirmed from the obtained patterns [22] .
Several studies were focused on condensing of iron oxides at different experimental conditions. They showed the great diversity of physicochemical conditions on growth of iron oxide phases [26, 27] . For example, Jolivet et al. concluded that despite of careful control of the size and dispersion of the particles, iron based materials might reveal some unexpected phenomena [26] . The formation of feroxyhyte, such as was found in our work, was explained through conversion of atomic layers of magnetite into maghemite [28] . The authors stated that conversion of magnetite into feroxyhyte is 12 thermodynamically feasible at nanoscale regarding its similar Gibbs free energy and enthalpy with maghemite (γ-Fe2O3). They also found that the formation of feroxyhyte is prevailing in epitaxial layer of nanoparticles. Here we can observe that functionalization of nZVI particles with PDCA at regular atmospheric conditions and using one-pot synthesis procedure leads to formation of zero-valent iron core and oxidized shell of particles, which consists of magnetite and feroxyhyte.
Morphology of obtained particles was observed using SEM method and it is presented in Figure 4 . Bare nZVI particles appears as nanospheres with the average diameter of adsorbed cadmium at fixed mass of applied particles (0.01 g) and at different cadmium concentration is presented in Figure 5 . while it lowered on PDCA-nZVI material. The incubated PDCA-NZVI particles of 1/1 and 1/2 molar ratio showed cadmium removal of 70 % and 60 %, respectively. One-pot synthetized PDCA-nZVI materials showed that 60 % of cadmium was adsorbed by exploiting spherical PDCA-nZVI 1/1 particles. The ellipsoidal shaped PDCA-nZVI 1/2 showed that 45 % of cadmium was adsorbed from water solution. By rising of concentration of added cadmium (10 -50 mg L -1 ), the distinction between sorption of applied different PDCA-nZVI materials becomes almost negligible. For comparison, some recent studies on use of functionalized nZVI or iron oxides as a sorbent for cadmium removal are focused on their maximum efficiency [7, 10, 11, 31] . However, the different loads of nanoparticle material were used in their experimental setup. The range of applied nanomaterial mass usually comprise the values between 100 -1000 mg, and the studies are mainly directed to examine the cadmium adsorption in the range of 10 -450 mg L -1 [25, 32] . Boparai et al. used thermodynamic parameters to count the maximum adsorption capacity of bare nZVI for cadmium, which takes 769.2 mg g -1 [25] . They used material that was synthetized under controlled and inert conditions and it contains particles of 20-200 nm in size. From this study, they conclude that prevailing mechanism of adsorption process of cadmium is chemisorption.
Adsorption of Cd on PDCA-nZVI nanoparticles
In our work, the sensitive detection of ICP-OES instrument allows the insight in the sorption of low concentration levels of cadmium. The adsorption of cadmium in concentration range bellow 3 mg L -1 is showed as magnified graph on Figure 5 . The measurements confirmed that the most efficient adsorption occurred by use of one-pot synthetized PDCA-nZVI materials. The saturation effect becomes visible at 1 mg L -1 in the case of one-pot PDCA-nZVI 1/2 usage and at 2 mg L -1 with PDCA-nZVI 1/1. The bare nZVI and incubated PDCA-nZVI particles showed deviations in cadmium sorption at low concentration range. In order to explain the observed differences, the dynamic light scattering (DLS) method was applied on solutions containing 0.5 and 5 mg L -1 of cadmium and 10 mg of prepared nanomaterial. The measured results are presented in Table 1 . The results show mono-modal distribution of non-functionalized bare nZVI particles The zeta (ζ) potential values of examined systems were determined from the measured electrophoretic mobility (Table 2) . At low cadmium concentration (0.5 mg L -1 ), the zetapotential of functionalized nZVI particles showed higher magnitudes than bare nZVI particles. The positive values were noted at higher cadmium presence and in systems that contain bare nZVI and one-pot synthetized PDCA-nZVI material. Zeta-potential of incubated PDCA-nZVI showed negative values. By comparing the obtained results with the study on Pb removal using nZVI particles [4] , where the changes in surface charge was examined, we could find some common ground. This is because of very similar chemical properties of Pb and Cd. Cadmium ions in neutral and slightly acidic medium carry double positive charge. Therefore, the higher load of cadmium led to lowering of pH value of solution and particles demonstrated a positive charge, while the opposite behaviour was visible at low concentration of cadmium added. [25] . They examined adsorption through steps of surface diffusion, intraparticle diffusion and adsorption on the interior sites of particles. Their conclusion was that the intraparticle or pore diffusion is one of the rate-limiting step in adsorption.
However, the surface diffusion became more important at greater random motion when its role significantly increased. By taking in mind these facts, we can explain the discrepancies in cadmium sorption onto functionalized PDCA-nZVI materials. The intraparticle diffusion is the most probably leading step during sorption at low concentration range of cadmium, while the rise in cadmium concentration caused the prevailing surface diffusion. The size and shape of particles are the additional factors that influenced the adsorption processes [31, 33] . Bare nZVI particles consisted of longer chain-like structures and this imply the higher rate of intraparticle diffusion at low concentration of cadmium. It can be derived that the intraparticle diffusion is lower in aggregates of smaller and ellipsoidal particles we obtained from one-pot synthetized PDCA-nZVI 1/2. For this reason, they showed saturation effect at lower cadmium concentration than larger one-pot synthetized PDCA-nZVI 1/1. Moreover, the coreshell structure of functionalized PDCA-nZVI materials with magnetite and feroxyhyte layers on iron surface obviously influenced the adsorption of low cadmium content in water solution [30] . This might explain the observed discrepancies in sorption of cadmium below concentration of 5 mg L -1 . By rising of cadmium concentration, the surface diffusion is prevailing step in all of the examined materials and therefore, the differences in sorption were negligible.
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Conclusion
The low-cost method using one-pot synthesis of functionalized zero-valent iron nanoparticles at ambient air conditions was performed in this work. The addition of dipicolinic acid as a capping reagent produced the nanoparticles of different shape and size. Such occurrence depends on molar ratio of PDCA and iron in starting solutions.
Using equimolar ratio of reactants (1/1), the produced particles appeared as a spheres, which were attached mutually in short-chains. The molar ratio of PDCA to iron of 1/2 resulted with formation of aggregates of ellipsoidal particles. The fast oxidation process led to formation of magnetite and feroxyhyte oxide shell on the iron core of functionalized particles, while the bare nZVI particles demonstrated the core structure build-up of α-Fe. The synthetized materials were applied in adsorption tests of cadmium ions removal from water solution. The differences in adsorption rate of onepot synthetized PDCA-nZVI and the PDCA-nZVI obtained by incubation were observed. Discrepancies were noted at cadmium presence below concentration of 5 mg L -1 . In this range, one-pot synthetized material was found to be more efficient in removal of cadmium content from water solution. The functionalization of nZVI by dipicolinic acid affected the step of intraparticle diffusion during adsorption process.
Therefore, the overall adsorption of cadmium is related to different oxide layers of coreshell structure of particles along with their shape and size.
